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We systematically studied electrical resistivity and magnetoresistance (MR) of size-monodispersed oxide-coated Fe cluster
assemblies with the mean cluster sizes of d ¼ 9{17 nm prepared by a plasma-gas-condensation-type cluster beam deposition
system. The electrical resistivity and magnetoresistance strongly depend on the temperature, surface oxidization degree of the
clusters (namely O2 gas flow ratio RO2), Fe cluster size d, and magnetic field. The oxide-coated Fe cluster assemblies exhibit a
large negative MR effect which is further enhanced at low temperatures due to the dominant contribution of the spin-
dependent tunneling process between the Fe cores through the oxide shell layers. It has been found that the magnetic field
dependence of the MR ratio at all temperatures shows no saturation tendency up to a maximum field H ¼ 50 kOe and
completely disagrees with the magnetization curves which indicate a saturation tendency. These results have been interpreted
by consideration of the magnetic state of the Fe-oxide shell layers, spin-dependent tunneling mechanism, and intercluster
magnetic correlation. The high-field nonsaturation behavior in the magnetoresistance effect is attributed to the spin-disordered
structure, which is frozen in a spin-glass-like state at low temperatures, in the surface of the Fe-oxide shell crystallites or the
whole thinner Fe-oxide shell layers. [DOI: 10.1143/JJAP.43.674]
KEYWORDS: cluster beam deposition, magnetoresistance effect, electrical resistivity, Fe/Fe-oxide cluster assembly, size
monodispersivity, magnetic properties
1. Introduction
There has been a growing interest in obtaining various
nanostructured materials by using different preparation
methods and understanding their novel physical properties,
which are significantly different from those of the corre-
sponding bulk counterparts.1) Nanostructured magnetic
materials are commonly characterized by the coexistence
of magnetically and/or structurally different phases, which
are modulated on a nanometer-length scale.2–7) It has been
demonstrated extensively that the core-shell Co or Fe
nanoparticles constituted by two different magnetic phases:
the Co or Fe cores and the surrounding oxide layer, reveal
the characteristic magnetic properties due to strong ex-
change coupling between the cores and shell layers.8–16)
Such surface and interface effects, which strongly depend on
the particle size, surface oxidization degree, and magnetic
properties of the oxide shells (antiferromagnetism or
ferrimagnetism), make an important contribution to the total
particle anisotropy.14,15)
For the core-shell-type Co/CoO size-monodispersed
cluster assemblies, we have reported the characteristic
transport properties and enhanced tunnel-type magnetore-
sistance effect at low temperatures, arising from the uniform
Co core size and CoO shell thickness.17) For the same core-
shell-type Fe/Fe-oxide cluster assemblies, however, we
found that the magnetoresistance behaviors are clearly
different from that for the Co/CoO cluster assemblies. The
magnetic field dependence of magnetoresistance exhibits no
saturation tendency in fields up to 5 T even at low temper-
atures, which disagrees with magnetization curves. In this
study, we focus our attention on electrical resistivity and
magnetoresistance of the size-monodispersed oxide-coated
Fe cluster assemblies. We study the correlations between the
resistivity and magnetoresistance and the oxygen gas flow
rate (namely surface oxidization degree) as well as initial Fe
cluster size. We also discuss characteristic nonsaturation
behavior on magnetic field dependence of magnetoresistance
in the oxide-coated Fe cluster assemblies.
2. Experimental
The samples were prepared by the plasma-gas-condensa-
tion (PGC)-type cluster beam deposition apparatus, whose
details have been described elsewhere.18,19) The PGC-type
cluster beam deposition apparatus is mainly composed of
three parts: a sputtering chamber, a cluster growth region
and a deposition chamber. The vaporized atoms in the
sputtering chamber are decelerated by collisions with a large
amount of inert gas (pure Ar or Ar/He mixture with Ar gas
flow rate: RAr ¼ 250{500 sccm and He gas flow rate:
RHe ¼ 550 sccm) injected continuously into the sputtering
chamber, and are swept into the cluster growth region, which
is cooled by liquid nitrogen. The clusters formed in this
region are ejected from a small nozzle by differential
pumping and a central part of the cluster beam is intercepted
by a skimmer, and then deposited onto a sample holder in
the deposition chamber (105–104 Torr). Using this system,
we obtained size-monodispersed Fe clusters having the mean
size of 7-17 nm and the standard deviation less than 10% of
the mean size.15) For preparation of oxide-coated Fe cluster
assemblies, we introduced oxygen gas through a nozzle set
near the skimmer into the deposition chamber to form iron
oxide shells covering the Fe clusters before deposition on the
substrate. This process ensures that all Fe clusters are
uniformly oxidized before the cluster assemblies are formed.
The transmission electron microscopy (TEM) observation
showed that all clusters are characterized with a strong
contrast in their ‘‘core’’, but with a uniform gray contrast in
their ‘‘shell’’. The electron diffraction (ED) pattern clearly
indicated the coexistence of -Fe phase and Fe3O4 or -
Fe2O3 phase. It is not possible to differentiate between these
two oxide phases by ED because their lattice parameters are
very similar. The high-resolution transmission electron
microscope image displayed that the oxide-coated FeE-mail address: pengdl@mse.nitech.ac.jp
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clusters were covered with Fe3O4 or -Fe2O3 shells
composed of very small crystallites.15) We used three kinds
of substrates for the Fe cluster deposition: carbon-coated
copper microgrids for TEM observation, polyimide films for
magnetic measurement, and quartz substrates for conduction
and magnetoresistance measurement. The effective film
thickness of deposited clusters, te, was estimated using a
quartz crystal thickness monitor, which measures the weight
of the deposited clusters. Magnetic and magnetoresistance
measurements were performed using a superconducting
quantum interference device magnetometer between 5 and
300K with the maximum field of 50 kOe. Electrical
resistivity was measured using a conventional dc four-probe
method, and MR measurement was made in fields applied
parallel to the electrical current direction.
3. Results
Figure 1(a) shows the temperature (T) dependence of the
electrical resistivity, , for the oxide-coated Fe cluster
assemblies with d ¼ 13 nm prepared at RO2 ¼ 0, 0.2, 0.5, 3
and 6 sccm. For RO2 ¼ 0 sccm [see the inset of Fig. 1(a)], the
sample exhibits ordinary metallic temperature dependence,
characterized by the large residual resistance at low temper-
atures and a linear increase with increasing T at high
temperatures. For RO2  0:2 sccm, the temperature coeffi-
cient of the resistivity (TCR) becomes negative. For the
entire temperature range, the resistivity first increases with
increasing RO2 and then becomes almost unchanged for
RO2  3 sccm, probably because the oxidation is decelerated
and reaches a stable state in the low O2 pressure atmosphere
(< 6 104 Torr). Moreover, the resistivity at low temper-
atures is 3–5 orders of magnitude larger than that at room
temperature and about 5–7 orders of magnitude larger than
that of the sample prepared at RO2 ¼ 0 sccm. In addition, as
T decreases, the  value monotonically increases as in the
case of a semiconductor, while an abrupt increase at around
120K corresponding to the Verwey transition temperature
(Tv) of Fe3O4 bulk sample is not observed. This also
suggests that the Fe-oxide shell layer is a nonstoichiometric
Fe3O4 phase or a mixture of stoichiometric Fe3O4 and -
Fe2O3 phases.
Figure 1(b) shows the temperature (T) dependence of
high-field MR ratio, [H=50 kOe  0=0, for the oxide-
coated Fe cluster assemblies with d ¼ 13 nm prepared at
RO2 ¼ 0, 0.2, 0.5, 3 and 6 sccm, where magnetic field H was
applied parallel to the current direction, and 0 is the
resistivity of the virgin sample in the zero field. For
RO2 ¼ 0 sccm [see the inset of Fig. 1(b)], we have observed
a small positive magnetoresistance effect, similar to the case
of the multilayers20–22) and Pd–C granular films,23–25) which
has been ascribed to a weak localization effect. For
RO2  0:2 sccm, a large negative magnetoresistance effect
was observed. With decreasing T , the absolute value of MR
monotonically increases and reaches to approximately 6% at
T ¼ 20K for RO2 ¼ 6 sccm.
Figures 2 shows log  vs 1=T curves for the oxide-coated
Fig. 1. Temperature dependence of (a) electrical resistivity  and (b)
absolute value of the magnetoresistance ratio, jMRj, at H ¼ 50 kOe for
the oxide-coated Fe cluster assemblies with d ¼ 13 nm prepared at RO2 ¼
0, 0.2, 0.5, 3 and 6 sccm. The insets show the results for RO2 ¼ 0 sccm.
Fig. 2. Logarithmic resistivity, log , as a function of T1 for the oxide-
coated Fe cluster assemblies with d ¼ 13 nm prepared at RO2 ¼ 0, 0.2,
0.5, 3 and 6 sccm. Solid lines show the log  vs T1 fitting.
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Fe cluster assemblies with d ¼ 13 nm prepared at RO2 ¼ 0:2,
0.5, 3 and 6 sccm. As seen from Figs. 2(a) and 2(b), two
linear dependences of log  on 1=T at low temperatures
(T < 30K for RO2 ¼ 0:2 sccm) and at high temperatures
(T > 130K) were observed. Such a two-step-type linear
temperature dependence of the resistivity was also observed
in the size-monodispersed CoO-coated Co cluster assemblies
obtained by the same preparation process.17) It has been
confirmed that the low-temperature linear log –1=T relation
originates from the tunnel-type conduction between Co cores
through the CoO layers, and the uniform Co core size and
CoO surface layer (barrier) thickness, while the high-
temperature linear log –1=T relation was believed to result
from the polaron band-hopping conduction in the non-
stoichiometric CoO semiconductor shell because there are
usually a large number of defects and excess carriers in the
transition metal oxides. The similar temperature dependence
of the resistivity also indicates that similar mechanisms exist
in the oxide-coated Fe and Co cluster assemblies. For the
oxide-coated Fe cluster assemblies, the estimated activation
energies (Ea) in the tunneling conduction temperature range
(T < 30K) are 1.2 and 2.3meV for RO2 ¼ 0:2 and 0.5 sccm.
The Ea value should be related to charging energy Ec
(Ec ¼ 2Ea) which is the electrostatic energy required to
create a positive-negative charged pair in two clusters by
tunneling, and gives rise to the Coulomb blockade effect at
very low temperatures.17) Ec can be expressed as follows:
26)
Ec ¼ ðe2=2"0"dcÞ½s=ðd=2þsÞ, where " is the dielectric
constant of the oxide shell layer, "0 ¼ 8:854 1012 F/m,
dc is the mean diameter of the metal cores and s is the
separation between neighboring metal cores (namely the
thickness of the oxide shell layer). Therefore, the Ea values
estimated above are consistent with the expression of Ec: the
oxide-coated Fe cluster assembly with a higher RO2 has a
larger Ec value due to the decrease of Fe core size and the
increase of Fe-oxide shell thickness with increasing RO2. At
T > 130K [Fig. 2(b)], the estimated activation energies are
35, 47, 59 and 61meV for RO2 ¼ 0:2, 0.5, 3 and 6 sccm,
respectively. These values also depend on RO2, and increase
with increasing RO2, being attributable to defective or
nonperfect structures of nonstoichiometric Fe-oxide semi-
conductor shell layers.
Figure 3 shows the temperature (T) dependence of (a)
electrical resistivity, , and (b) high-field MR ratio,
½H=50 kOe  0=0, for the oxide-coated Fe cluster assem-
blies with d ¼ 9, 13 and 17 nm prepared at RO2 ¼ 0:5 sccm.
Both  and MR increase with decreasing d. This result can
be considered as interface and grain-boundary effects. With
decreasing d, the number of grain boundaries and the
volume of Fe-oxide shell layers in a unit length increase, and
thus lead to the increase of  and MR.
Figures 4 shows log  vs 1=T curves for the oxide-coated
Fe cluster assemblies with d ¼ 9, 13 and 17 nm prepared at
RO2 ¼ 0:5 sccm. The estimated activation energies (Ea) in
the tunneling conduction temperature range (T < 30K) are
2.3 and 1.0meV for d ¼ 13 and 17 nm. Clearly, the
estimated Ea values above are also consistent with the
expression of Ec: the oxide-coated Fe cluster assembly with
a smaller cluster size has a larger Ec value.
Figures 5 and 6 show the magnetic field dependence of
MR ratio measured at 300, 100 and 60K for the oxide-coated
Fe cluster assemblies with d ¼ 13 nm prepared at RO2 ¼ 0:2,
0.5, 3 and 6 sccm, and with d ¼ 9, 13 and 17 nm prepared at
RO2 ¼ 0:5 sccm, respectively. As seen in Figs. 5 and 6, the
magnetic field dependence of the MR ratio at all temper-
atures exhibits no saturation tendency up to H ¼ 50 kOe. To
further investigate the magnetic field dependence of MR
ratio, we compared it with the magnetic field dependence of
magnetization (Fig. 7). Clearly, the field-dependent feature
of the MR effect [Fig. 7(b)] which exhibits no saturation
tendency down to T ¼ 20K disagrees with the magnet-
Fig. 3. Temperature dependence of (a) electrical resistivity  and (b)
absolute value of the magnetoresistance ratio, jMRj, at H ¼ 50 kOe for
the oxide-coated Fe cluster assemblies with d ¼ 9, 13 and 17 nm prepared
at RO2 ¼ 0:5 sccm.
Fig. 4. Logarithmic resistivity, log , as a function of T1 for the oxide-
coated Fe cluster assemblies with d ¼ 9, 13 and 17 nm prepared at
RO2 ¼ 0:5 sccm. Solid lines show the log  vs T1 fitting.
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ization curves [Fig. 7(a)] which indicate a saturation
tendency in spite of the gradual increase of magnetization
for H > 10 kOe.
4. Discussion
Considering our surface oxidization process of the Fe
clusters, and TEM and magnetic observation15) for the
oxide-coated Fe cluster-assembled materials, the Fe cluster
cores are completely separated by the Fe-oxide shell layers
whose thickness increases with increasing RO2, although it
cannot be quantitatively determined for different RO2
because we are not able to perform in situ TEM observation.
In this case, there are mainly two conduction mechanisms:
the thermal-activated-type conduction through the Fe-oxide
semiconductor shell layers and tunnel-type conduction
between Fe cores. As described in §3 (Figs. 1 and 3), at
high temperatures (T > 130K) the conductivity mainly
results from the thermal-activated-type conduction through
the network of the Fe-oxide shell layers, and at low
temperatures (T < 30K) from tunnel-type conduction be-
tween Fe cores because of the abrupt increase of the
resistivity of the Fe-oxide shell layers with decreasing T ,
being similar to that observed in the size-monodispersed
CoO-coated Co cluster assemblies.17) However, the mag-
netic field dependence of the MR ratio at all temperatures
shows no saturation tendency and disagrees with the
magnetization curves, whereas for the CoO-coated Co
cluster assemblies, it indicates a saturation behavior
Fig. 5. Magnetic field dependence of MR ratio, MR ¼ ðH  0Þ=0, at
different temperatures for the oxide-coated Fe cluster assemblies with
d ¼ 13 nm prepared at RO2 ¼ 0:2, 0.5, 3 and 6 sccm.
Fig. 6. Magnetic field dependence of MR ratio, MR ¼ ðH  0Þ=0, at
different temperatures for the oxide-coated Fe cluster assemblies with
d ¼ 9, 13 and 17 nm prepared at RO2 ¼ 0:5 sccm.
Fig. 7. Magnetic field dependence of (a) magnetization and (b) MR ratio,
MR ¼ ðH  0Þ=0, at different temperatures for the oxide-coated Fe
cluster assembly with d ¼ 13 nm prepared at RO2 ¼ 3 sccm.
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although it saturates more hardly at low temperatures than at
high temperatures because of the exchange interaction
between the ferromagnetic (FM) Co cores and the anti-
ferromagnetic (AFM) CoO shells (the Neel temperature of
bulk CoO is approximately 291K). To further compare the
difference between the oxide-coated Fe and Co cluster
assemblies, we show the magnetic field dependence of
magnetization and MR ratio measured at room temperature
in magnetic field H applied parallel to the current direction
for the oxide-coated Co cluster assemblies with d ¼ 13 nm
prepared at RO2 ¼ 0:4 and 1 sccm (Fig. 8). As seen from this
figure, the magnetic field dependence of the MR ratio [Fig.
8(b)] is well correlated with the magnetization curve [Fig.
8(a)] and exhibits a saturation behavior.
Let us now discuss the characteristic magnetoresistance
behaviors and related mechanisms in the oxide-coated Fe
cluster assemblies. In conventional FM–I granular systems
where the magnetic metal granules or clusters are embedded
in insulating matrices, the tunnel-type MR effect has also
been detected27) because the spin-dependent tunneling
increases as the relative orientation of the magnetization
(M) between granules or clusters gradually becomes paral-
lel.28) The transmission probability of the electrons across
the insulating layer or nonmetallic layer is modified by the
magnetic states of both metallic granules and nonmetallic
layers (if magnetic). Moreover, for uncorrelated magnetic
scatterers such as superparamagnetic magnetic granules,29)
theMR ratio should be proportional toM2. Therefore, for the
case of the CoO-coated Co cluster assemblies, a large MR
effect results from a simple spin-dependent tunneling
process between the FM Co cores through the CoO shell
layer. It only depends on the relative orientation of the
magnetizations of the cores because the Co-oxide (CoO) is
AFM, being similar to the conventional FM–I granular
materials and leading to the same magnetic field dependence
in magnetization and MR (Fig. 8). For the present oxide-
coated Fe cluster assemblies, however, the Fe-oxide (Fe3O4
or -Fe2O3) shell phase is ferrimagnetic (FIM), which is also
different from the oxide-coated Co cluster assemblies. In this
case, at low temperatures (T  100K), the MR effect
depends not only on spin-dependent tunneling processes
between the FM Fe cores through Fe-oxide shell layers but
also on the magnetic state of FIM Fe-oxide shell crystallites,
namely, the magnetic Fe-oxide shell layer strongly affects
the transmission probability of the electrons across itself.
Therefore, the magnetic state of the Fe-oxide shell layers
plays an important role in determining the MR behaviors.
With regard to the magnetic states of the Fe-oxide shell
layers, there are two interpretations: (1) superparamagnetic
model above a blocking temperature of 30-40K based on
very small size of FIM Fe-oxide shell crystallites;30) (2) the
presence of spin disorder state, similar to spin glass, at and
near the FM/FIM interface,13,15) or in the whole Fe-oxide
shells.16) According to our systematic magnetic measure-
ment results on the Fe-oxide-coated Fe cluster assemblies,15)
the superparamagnetic behavior of the FIM Fe-oxide shell
crystallites cannot well explain the large training effect
which is a diminution of exchange bias field (Heb) upon the
subsequent magnetization reversals. The decrease of Heb is
marked with increasing the training cycle number and Heb is
decreased to about 30% of the initial value after the 13th
cycle. However, the second hypothesis mentioned above,
namely spin-glass-like state, not only interprets all magnetic
properties of the core-shell-type Fe/Fe-oxide clusters but
was also supported by experimental observation. First, a
Mossbauer spectroscopy study on surface oxidized Fe
nanoparticles revealed that the surface shell consisted of
small Fe-oxide crystallites have a large spin canting.31–33)
Second, thermal fluctuations of canted surface spins or a
surface spin disorder in FIM nanoparticles34–37) have been
experimentally discussed, and found to freeze at low
temperatures into a spin-glass-like phase with a multi-
degenerate ground state. The antiferromagnetic superex-
change interaction is disrupted at the surface of the FIM
oxide crystallites because of missing oxygen ions or the
presence of other impurity molecules. Therefore, in the
present oxide-coated Fe clusters, it is plausible that surface
spins of the Fe-oxide shell crystallites (high RO2) or spins of
the whole thinner Fe-oxide shell layers (low RO2) are canted
or disordered because the oxide shells are thinner or the
oxide shell crystallites are very small (d < 2 nm). The
canted spins of the Fe-oxide shell layer could be frozen in a
spin-glass-like state at low temperatures. Due to the presence
of such a spin-glass-like state, even at low temperatures, the
spin-dependent tunneling process of the electrons between
the FM Fe cores is strongly affected by magnetic scatterers
(spin-glass-like Fe-oxide shell layers), and thus the tunneling
magnetoresistance (TMR) effect is also dominated by the
Fe-oxide shell layers other than the FM Fe cores, giving rise
to the nonsaturation tendency of the MR effect up to
H ¼ 50 kOe. In contrast, for the magnetization curves, the
magnetization value mainly results from the FM Fe cores
although there is an exchange interaction between the FM Fe
cores and the Fe-oxide shell layers, and thus gives the
Fig. 8. Magnetic field dependence of (a) magnetization and (b) MR ratio,
MR ¼ ðH  0Þ=0, at room temperature for the CoO-coated Co cluster
assemblies with d ¼ 13 nm prepared at RO2 ¼ 0:4 and 1 sccm.
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saturation tendency in spite of the gradual increase of
magnetization for H > 10 kOe.
With increasing temperature, the origin of the MR effect
becomes more complex because of the rapid decrease of the
resistivity of the Fe-oxide shell layers. According to the
temperature dependence of the resistivity in §3, at high
temperatures (T > 130K), the conductivity mainly results
from the thermal-activated-type conduction in the Fe-oxide
shell layers. In this case, the MR effect could be dominated
by two spin-dependent tunneling processes between the FM
Fe cores and the Fe-oxide shell crystallites and between the
Fe-oxide shell crystallites through the grain boundaries.
Therefore, when the temperature is raised, the MR ratio is
further reduced [Figs. 1(b) and 3(b)] because the magnet-
ization of the shell crystallites is more highly disordered.
Finally, it is worth further discussing the effect of RO2 and
d on the temperature and magnetic field dependence of the
MR ratio (Figs. 5 and 6). In Fig. 5, the thinner the Fe-oxide
shell layer (namely, the smaller the RO2), the smaller is the
absolute MR value at T ¼ 300K under the whole applied
magnetic field range. At T  100K, however, the absolute
MR value for the lowest RO2 is largest for H  10 kOe, and
then becomes smallest for T > 35 kOe. In Fig. 6, moreover,
the larger the d, the larger is the MR value at low
temperatures and low magnetic fields. Such RO2 and d
dependent behaviors of the MR ratio can be understood by
the exchange interaction between the FM Fe cores and spin-
glass-like Fe-oxide shells, and by observing the virgin
magnetization curves at different temperatures [Fig. 7(a)].
As seen in Fig. 7(a), with increasing H, the magnetization at
high temperatures clearly increases more rapidly than that at
low temperatures for H  10 kOe because of the disappear-
ance of the exchange interaction at high temperatures.15)
With increasing RO2 or decreasing d, the exchange inter-
action is enhanced due to the decrease of the volume fraction
of the Fe core to Fe-oxide shell, so that the sample with the
lowest RO2 or largest d reveals the largest MR value at low
temperatures and low magnetic fields.
5. Conclusions
The transport properties and MR effects in the size-
monodispersed oxide-coated Fe cluster assemblies with the
mean cluster sizes of 9–17 nm have been investigated, and
their dependence on the O2 gas flow ratio RO2, mean cluster
size d, temperature, and magnetic field have been discussed.
For the pure Fe cluster assembly, an ordinary metallic
temperature dependence and a small positiveMR effect up to
H ¼ 50 kOe were observed. For the oxide-coated Fe cluster
assemblies (RO2  0:2 sccm), the temperature coefficient of
the resistivity (TCR) becomes negative and the two-step-
type linear log –1=T temperature dependence of the
resistivity at low and high temperatures was observed,
similar to the size-monodispersed CoO-coated Co cluster
assemblies,17) mainly originating from the tunnel-type
conduction between the cluster cores through the oxide
shell layers at low temperatures, and the thermal-activated-
type conduction in the nonstoichiometric semiconductor
oxide shell layers at high temperatures. The oxide-coated Fe
cluster assemblies exhibit a large negative MR effect which
is further enhanced at low temperatures due to the dominant
contribution of the spin-dependent tunneling process be-
tween the Fe cores. It has been found that the magnetic field
dependence of the MR ratio at all temperatures shows no
saturation tendency and completely disagrees with the
magnetization curves which gives the saturation tendency
in spite of a gradual increase of magnetization for H >
10 kOe, being different from the CoO-coated Co cluster
assemblies where the magnetic field dependence of the MR
ratio is well correlated with the magnetization curve and
exhibits saturation behavior. Such a high-field nonsaturation
feature in MR can be attributed to the spin-disordered
structure, which was frozen in a spin-glass-like state at low
temperatures, of the surface of the Fe-oxide shell crystallites
or the whole thinner Fe-oxide shell layers.
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